Degradation of physiological quantities of amino acids by rumen microbes was determined under both in vitro and in vivo conditions. In vitro rate constants for EAA indicated that Arg and Thr were rapidly degraded (.5 to .9 mM/hr); Lys, Phe, Leu and lie formed an intermediate group (.2 to .3 mM/hr); and Val and Met were least rapidly degraded (.1 to .14 mM/hr). In vivo EAA degradation rates were about 1.bx greater than estimates derived from in vitro rate constants, but a significant (P<.05) linear relationship between in vitro and in vivo rates suggested that similar degradative pathways predominated in both systems. Incubating Thr, Arg, Lys, Phe, Leu and lle alone or in combination with a mixture of EAA yielded similar amounts of degradation for these EAA. Met and Val degradation was approximately twice as great (P<.05) when fermented alone vs in conjunction with other EAA. Combining a mixture of NEAA (Asp, Ser, Glu, Ala, Tyr, Orn) with the EAA mixture did not influence EAA degradation. Tyr and Orn were the only NEAA degraded to lesser (P<.05) extents (30%) when the fermentation system contained both NEAA and EAA mixtures. Data presented demonstrated that specific amino acids are degraded at different rates and that there are interactions between certain amino acids. With the possible exception of Met, supplements of free amino acids cannot survive ruminal degradation.
INTRODUCTION
It is generally accepted that free amino acids arise as intermediate products in the breakdown of proteins by rumen microorganisms. Low concentrations of free amino acids in the rumen suggests rapid utilization, but increased amino acid concentrations after feeding imply that proteolysis occurs at faster rates than does subsequent utilization of free amino acids (Hendrickx et al., 1972; Leibholz, 1969) .
Unfortunately, much of the published work on amino acid catabolism was conducted under non-physiological conditions which employed high substrate concentrations, washed cell suspensions, and long term incubation periods with amino acid degradation determined indirectly by measuring ammonia production (Chalupa, 1975) . These investigations demonstrated that amino acids were dissimilated to ammonia and volatile fatty acids, but data published on degradation rates in vitro does not duplicate reaction rates obtained in vivo.
The experiments reported herein provided information on the degradation of physiological quantities of amino acids under both in vitro and in vivo conditions.
EXPERIMENTAL PROCEDURE
Metabolism of amino acids in vitro was determined by assay for amino acids remaining in the fermentation following incubations up to 7 hours, Fermentations were in 125 ml Erlenmeyer flasks under a CO2 atmosphere in a shaking water bath at 38 C and contained 50 ml of strained rumen fluid obtained from animals used in the in vivo studies, 1 g of starch, 8 mM urea and additions of amino acids. Incubation times and amino acids added varied with the objective of each experiment and these specifics are contained in the results section.
In vivo rates of essential amino acid (EAA) metabolism were determined in four rumen 828 JOURNAL OF ANIMAL SCIENCE, Vol. 43, No. 4 (1976) cannulated cattle which weighed an average of 300 kg and were fed 4 kg/day of a 60% concentrate (11% crude protein) ration 3. On the experimental days, 47.5 g of an essential amino acid mixture (table 1) plus 50 g polyethylene glycol were administered via rumen cannula. Materials in the rumen were thoroughly mixed by hand and samples were obtained at hourly intervals for 6 hr and assayed for amino acids and polyethylene glycol. The experiment was repeated on 2 days with a 7-day interval between experiments.
In vitro fermentation fluid and rumen fluid were centrifuged at 40,000 • g to remove microbial cells and feed particles. The resulting supernatants were deproteinized with sulfosalycylic acid and assayed for amino acids, using norleucine as an internal standard, with an amino acid analyzer 4. Polyethylene glycol was assayed according to procedures outlined by Smith (1959) .
RESULTS
Rates of EAA degradation in vitro were determined by adding to the batch fermentation, a mixture of amino acids to provide total concentrations of .6, 1.2, 1.8 or 2.4 mM of 3 Ration ingredients (g/kg): alfalfa-grass hay (1-00-298), 404; each of the following: Threonine, valine, methionine, isoleucine, leucine, lysine, histidine and arginine. Subject to EAA concentration and depending upon the specific amino acid, degradation followed zero-order kinetics (i.e., degradation rates were constant per unit time) for 2 to 5 hr (figure 1). The exception was histidine which appeared to be produced rather than degraded and therefore information on this amino acid is not presented. Apparent degradation rates during the time intervals indicated by arrows in figure 1 were calculated for each level of EAA by least-squares regression analysis (Steel and Torrie, 1960) . Relationships between EAA concentration and zero-order degradation rates are presented in figure 2 . Vma x and Km values were calculated according to the method of Eadie (Fruton and Simmonds, 1958) by fitting the zero-order degradation rates (figure 2) to the equation Y = a+bx; where Y = degradation rate (mM/hr), x = degradation rate (mM/hr) + EAA concentration (mM), a = Vma x (mM/hr) and b = --Km. Vma x values indicated that arginine and threonine were rapidly degraded; lysine, phenylalanine leucine and isoleucine formed an intermediate group and valine and methionine were the least rapidly degraded EAA (table 2) .
Rates of EAA degradation in vivo are presented in figure 3 with a comparison of aVmax is the theoretical maximum degradation rate for each amino acid.
bKm is the concentration of amino acid needed to achieve degradation at 50% of the maximum rate.
degradation (dashed line) estimated from the in vitro rate constants contained in table 2. Observed in vivo degradation exceeded that estimated from in vitro constants but, as is depicted in figure 4 , there was a close relationship between in vivo and in vitro values. In contrast to its behavior in vivo, histidine was rapidly degraded in vivo (figure 3). Rnminal dose of EAA provided zero-time concentrations of ca. 3 mM lysine and histidine and ca. 2 mM threonine, phenylalanine, leucine, isoleucine, valine and methionine (table 1). The dashed line represents potential degradation rates calculated from the in vitro data contained in table 2.
In vitro degradation of EAA alone or in combination with other EAA was determined by adding EAA to the fermentation system to provide concentrations of 1.6 mM. Incubations were conducted for 6 hr on 2 different days. Incubating threonine, leucine, isoleucine, phenylalanine and lysine alone or in conjunction with other EAA yielded similar amounts of degradation (table 3) . Methionine and valine, however, were degraded to greater extents (P<.05) when fermented alone vs in combination with other EAA (table 3) .
Interrelationships between methionine and valine degradation were investigated further by adding methionine to provide concentrations of .5, 1.0, 1.5, or 2.0 mM alone or in conjunction with 4 mM valine (figure 5). Degradation rates followed zero-order kinetics for 3 hours. The relationships between zero-order degradation rates and methionine concentration are contained in figure 2. Methionine had minor influences on valine degradation, but valine significantly decreased (P<.05) methionine degradation.
Interrelationships between EAA and NEAA degradation in vitro were studied in a replicated experiment in which degradation of 1.6 mM concentrations of amino acids during a 6-hr period were determined. Combining the mixtures of EAA and NEAA did not influence the Figure 5 . Effects of methionine concentration on in vitro degradation of valine, methionine incubated alone, and methionine incubated in conjunction with 4 mM valine. Apparent degradation rates were linear with respect to time for 3 hours. degradation of EAA (table 4) or the degradation of aspartate, serine, glutamate, glycine and alanine (table 5), but degradation of ornithine and tyrosine was lower (P<~.05) in the combined mixtures than in the NEAA mixture alone. apercentage of 1.6 mM of each amino acid apparently degraded during the 6-hr incubation period. apercentage of 1.6 mM of each amino acid apparently degraded during the 6-hr incubation period. *P<.05.
Discussion
Degradation of amino acids was assessed by providing rumen microbes with low levels of amino acids and monitoring the disappearance of this load by assay for amino acids remaining in fermentation and rumen fluid. It is recognized that the pool of amino acids available for degradation consisted not only of the amino acid additions, but also contained amino acids produced as a result of proteolysis with both feed particles and rumen microbes serving as substrates. With respect to the latter, Leng (1973) estimated that approximately 30% of the bacterial protein produced in the rumen is also degraded therein. Likewise, it is accepted that free amino acids in the rumen can, in addition to degradation, be assimilated directly by rumen microbes, be absorbed from the rumen, and be bound to both microbial cells and feed particles (Chalupa, 1975) . Furthermore, some rumen bacteria also synthesize amino acids (Scheifinger et al., 1975 (Scheifinger et al., , 1976 . It is concluded, however, that the methods employed were capable of detecting amino acid degradation because (a) amino acids added were probably the main contributors to the pool of amino acids available for degradation and (b) the largest quantity of amino acids was probably deaminated to yield ammonia and other intermediate products (Chalupa, 1975) . Nevertheless, in recognition of the potential errors of the methods employed, the term apparent degradation was used to describe catabolism of amino acids by rumen microbes.
The range of EAA selected for investigating degradation rates allowed for the observation of typical enzyme kinetics (Fruton and Simmonds, 1958) . During short term in vitro incubations (2 to 5 hr) degradation was constant with respect to time within EAA concentration and met the criteria of zero-order kinetics. Plotting these degradation rates versus substrate concentration produced curves that at first increased linearly, then sloped off and finally reached maximum values. At lower EAA concentrations, degradation per unit time was proportional to EAA concentration (i.e., firstorder kinetics), but at higher concentrations, maximal degradation per unit time was attained that was independent of EAA concentration (i.e., zero-order kinetics). Thus, EAA levels employed covered a sufficient range to be valid for the calculation of Michaelis-Menton constants.
Rates of EAA degradation based upon Vma • values (table 2) are in general agreement with the results obtained by Lewis and Emery (1962c) who found that methionine and valine were slowly degraded, arginine and threonine were rapidly degraded and the other EAA formed an intermediate group. The slow rate of methionine degradation is likely a reflection of methionine synthesis by certain tureen bacteria (Scheifinger et al., 1975 (Scheifinger et al., , 1976 . Because Km values are in excess of normal levels of free amino acids in the rumen (Hendrickx et al., 1972; Leibholz, 1969) ruminal degradation of EAA may normally proceed at less than 50% of maximum potential velocity. Nevertheless, mixtures of EAA which have promoted increased nitrogen retention in growing steers when administered into the abomasum (Chalupa, 1974) would produce concentrations in the ranges studied (i.e., .6 to 2.4 raM) if incorporated into the diet.
Rates of degradation of EAA in vivo were greater than those estimated from in vitro constants (figure 2), but the close relationship between in vivo and in vitro rates (figure 4) would suggest that similar pathways were predominant in both systems. Slower in vitro degradation rates are probably the consequence of less optimum environmental conditions for microbial growth and metabolism. Support for the foregoing may be deduced from the fact that EAA degradation in vivo was constant with respect to time until the EAA load was depleted (figure 2), whereas in vitro, the linear relationship persisted for 2 to 5 hours. Because the in vivo dose of EAA produced rumen concentrations of 2 to 3 mM vs normal plasma concentrations of less than .1 mM, it is likely that some portion of the dose was absorbed from the rumen. The reports of Cook et al. (1965) and Leibholz (1971) demonstrated that absorption of amino acids from the rumen could occur if proper concentration gradients existed. Perhaps the Y intercept in figure 4 (.21 mM/hr) represents the absorption rate.
Ideally, investigations on interactions between amino acids and their degradation should consider as variables, not only combinations of specific amino acids, but also amino acid concentration and fermentation time. The number of potential treatment combinations, however, makes such an inclusive approach unrealistic in most laboratories. Therefore, in these studies a single amino acid concentration (1.6 raM) and constant fermentation time (6 hr) was employed. Equivalent 6 hr-degradations obtained when threonine, isoleucine, leucine, phenylalanine, lysine and arginine were incubated alone or in conjunction with the combined EAA mixture (table 3) is suggestive of specific pathways for the degradation of these EAA. On the other hand, these EAA appeared to interfere with the 6 hrodegradation of valine and methionine (table 3) . Valine per se was effective in decreasing methionine degradation (figure 5) but the degradation of methionine in vitro when incubated in conjunction with valine was still greater than when the complete mixture of EAA was present in the fermentation system ( figure 4 vs figure 1 ). On the other hand, methionine did not greatly affect valine degradation. Skoch et al. (1975) recently reported interactions between methionine, lysine and tryptophan degradation.
When the fermentation system contained both the EAA and NEAA mixtures, degradation of EAA was not changed (table 4) . Likewise, degradation of aspartate, serine, glutamate, glycine and alanine were not affected by the EAA mixture, but total degradation of tyrosine and ornithine was decreased (table 5) . It is probable that tyrosine and ornithine are degradative intermediates of phenylalanine and arginine, respectively, and providing these EAA in effect increased the pool sizes of tyrosine and ornithine. In this respect, Lewis and Emery (1962a, b) reported that ornithine was a catabolic product of arginine degradation by rumen microbes.
In vitro constants (table 2) and the linear in vivo :in vitro relationship (figure 4) were used to estimate the ruminal fate of EAA contained in 250 g of alfalfa protein (table 6 ). This quantity of protein represents approximately one-half of that required by a 200 kg steer gaining .5 kg/day (N.R.C., 1970). Half-lives of 2 hr or less for all EAA are in accord with the small size of the free amino acid pool in the rumen (Hendrickx et aL, 1972; Leibholz, 1969) and support the observations of Mangan (1972) who also found rapid in vivo degradation of physiological quantities of amino acids.
The rumen free amino acid concentration figure 4) .
CTime requried for degradation of one-half of the rumen concentration of amino acids which are supplied by 250 g of alfalfa protein.
produced by instantaneous proteolysis of 250 g of alfalfa protein (table 5) approaches the range used in the in vivo experiment. As indicated earlier, the in vivo dose was that quantity of EAA which has consistently increased nitrogen retention in the growing steer when administered abomasally (Chalupa, 1974) . These data thus support the information summarized by Swan (1971) that there is no case for the commercial application of free amino acid supplements for ruminant diets. Methionine might be an exception since there are reports of incomplete ruminal degradation (Bird and Moir, 1972; Conrad et al., 1967; Emery, 1971) especially if large amounts are administered.
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